Transected axons can regenerate beyond the site of injury in the peripheral but not in the central nervous system (CNS). Increasing evidence implicates inflammatory processes as modulators of axon regeneration after injury. In this study, we addressed a possible role of the matricellular glycoprotein osteopontin (OPN) using crush lesions of the optic and sciatic nerve as models of central and peripheral axotomy, respectively. OPN was strongly expressed by macrophages at the crush site in the optic but not sciatic nerve, indicating fundamental differences in the molecular programming of macrophages in both systems. Functionally, OPN exerted potent growth-inhibitory effects in an in vitro assay of axon outgrowth. Therefore, OPN expression by lesion-associated macrophages may contribute to the nonpermissive nature of the adult CNS preventing axonal regeneration following injury.
specific environment may induce differential molecular programming of lesion-associated macrophages, which in turn influences the extent of axon regeneration after injury.
The aim of our study was to identify molecular mechanisms by which immune cells, in particular inflammatory macrophages, may influence axon regeneration in the nervous system. The matricellular glycoprotein osteopontin (OPN) is among the most abundant secretory products of lesion-associated macrophages (15) . It has been detected in a number of injury models in brain (16) , heart (17) , and other peripheral organ systems (18) (19) (20) . OPN contains a RGD sequence permitting its interaction with αv integrin matrix receptors (vitronectin receptors) such as αvβ3 and αvβ5 integrins (21) . Functionally, OPN provides a chemotactic stimulus for macrophages (18) , fibroblasts (22) , and astrocytes (16) , and mediates potent immunoregulatory effects in inflammatory and autoimmune conditions (23, 24) . In our study, we show that OPN is expressed by lesion-associated macrophages in the crushed optic but not sciatic nerve. We furthermore provide evidence for a growth-inhibitory effect of extracellular OPN in an in vitro assay of axon outgrowth.
MATERIALS AND METHODS

Animal experiments
All animal experiments were performed in 8-to 10-wk-old male Wistar rats deeply anesthetized with chloral durate and had been approved by the institutional animal experimentation review committee. For sciatic nerve crush, the right sciatic nerve was exposed at mid-thigh level and crushed with a sterile forceps for 60 s with maximal strength. After suturing of the wounds, animals were held at standard laboratory conditions. For intraorbital crush injury of the right optic nerve, animals were positioned in a stereotactic frame. An incision was made through the temporal palpebral tissue, and the lacrimal gland was largely removed. After mobilization of the eyeball the optic nerve was exposed and crushed 2 mm posterior to the eyeball with a sterile forceps for 30 s with maximal strength. All procedures were performed under visual control using a binocular dissection microscope. After the nerve crush, the eyeball was relocated and the wound was sutured. In both paradigms, sham-operated control animals were processed in parallel in which the optic or sciatic nerve was exposed, but not crushed.
Immunohistochemistry
Rats at 2, 4, 7, 14, and 28 days after optic or sciatic nerve crush (n=3 in each group) were killed with an overdose of ether. Crushed nerves were rapidly prepared, fixed via overnight immersion in 4% paraformaldehyde in phosphate-buffered saline (PBS), and longitudinally embedded into paraffin. For single-label immunohistochemistry, serial 5 µm paraffin sections were mounted onto silanized glass slides, deparaffinized, and stained with mAb MPIIIB10 against rat OPN (1:2000 dilution; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA) and mAb ED1 against phagocytic macrophages (1:2000; Serotec, Oxford, UK), respectively, followed by the Vectastain ABC Elite kit reagents (Vector Laboratories, Burlingame, CA) with diaminobenzidine as substrate. For sequential double-labeling immunofluorescence, the OPN mAb was first applied at 1:5000 dilution and detected with catalyzed reporter deposition (25) using horseradish peroxidase (HRP)-conjugated donkey anti-goat IgG (1:500; Jackson Immunoresearch Laboratories, West Grove, PA) followed by the TSA Plus Fluorescein system (NEN Life Science Products, Zaventem, Belgium) as detailed elsewhere (26, 27) . In a second staining round, mAb ED1 was applied at 1:200 dilution and detected by conventional immunofluorescence using Texas Red (TXRD)-conjugated donkey anti-mouse IgG (1:100; Jackson Immunoresearch). Slides were analyzed using a Leica TCS-NT confocal laser scanning system with an argon-krypton laser on a Leica DM IRB inverted microscope. Images were acquired from two channels at 488 nm and 568 nm wavelength. To localize the different antigens in double-stained samples, images obtained from the appropriate excitation wavelength were collected and merged.
Quantitative real-time PCR (Q-PCR)
Rats at 4 days after sciatic nerve crush or at 2, 4, 7, and 14 days after optic nerve crush (n=20 for each group) were killed by an overdose of ether. As controls, we either used sham-operated animals for the comparative analysis of optic and sciatic nerves at day 4 after crush or naïve animals for additional time course analysis in the optic nerve model, respectively. For each lesion paradigm, tissue samples from the crush site and the distal nerve stump were isolated under a binocular dissection microscope and pooled separately. Total RNA was isolated from the pooled tissue samples using the TriZol reagent according to the manufacturer's instructions, quantified spectrophotometrically, and reverse transcribed using the Superscript II enzyme (Invitrogen, Carlsbad, CA) and dT19(A/C/G) oligonucleotide primers as described previously (26) . cDNA samples were analyzed on an ABI 5700 Sequence Detection System (Applied Biosystems, Darmstadt, Germany) using the Sybr Green Universal Master Mix (Applied Biosystems) according to the manufacturer's instructions. Glyceraldehyde 
Tissue culture
Dorsal root ganglia (DRG) were dissected from 12.5-14.5 dpc rat embryos (28) . Tissue samples were cut in smaller pieces (~4-6 explants per DRG) using flame-polished jeweller's forceps and plated on Lab-Tek chamber slides (Nalge Nunc, Naperville, IL) coated with either laminin (from Engelbreth-Holm-Swarm murine sarcoma, Sigma, St. Louis, MO; 1 µg/cm 2 in PBS), highly glycosylated as well as phosphorylated natural OPN purified from bovine milk (R&D Systems, Minneapolis, MN; 0.125 µg/cm 2 in PBS as the concentration effective in mediating 293 cell adhesion [29] ), bovine vitronectin (Sigma, 0.25 µg/cm 2 [30] ), or combinations of laminin with either OPN or vitronectin. Explants were cultured for 24 h in DMEM containing 5% fetal calf serum supplemented with 100 ng/ml nerve growth factor (Sigma) and 10 −5 M fluorodeoxyuridine (Sigma).
Axons were visualized immunocytochemically using mouse anti-neurofilament monoclonal antibody (1:1000 dilution; SMI 312, Sternberger monoclonals), followed by the Vectastain ABC Elite kit reagents with diaminobenzidine as substrate. For quantification of axon outgrowth, we performed planimetric analysis. Microscope images were digitized and scaled using AxioVision software (C. Zeiss, Mainz, Germany). The borders of the inner DRG cluster and the maximal centrifugal axon spread were outlined using tools of the AxioVision software to measure the surface of the explant and axonal outgrowth, respectively. For each condition, n=9 DRGs were quantified. Statistical analysis was performed by a one-way ANOVA using GraphPad Prism 3.0 software (GraphPad, San Diego, CA).
To study the relationship between axons and Schwann cells under the various conditions, doublelabeling immunofluorescence was performed using rabbit anti-neurofilament antibody (1:2000 dilution; Affiniti Research, Exeter, UK) in combination with mouse anti-S100 monoclonal antibody (1:2000 dilution; Sigma), followed by goat anti-rabbit IgG-Alexa 597 and goat antimouse IgG-Alexa 488 as fluorescent secondary antibodies (Molecular Probes, Eugene, OR). Samples were analyzed by confocal microscopy as described above.
For the study of growth cone morphology, we labeled DRG explants grown on either laminin-or laminin/OPN-coated dishes with anti-tubulin-FITC (mAb DM-1A; 1:200 dilution, Sigma) and phalloidin-TRITC (1:1000 dilution, Sigma) to visualize microtubuli and actin filaments, respectively (31) . Samples were analyzed on a Zeiss Axioplan 2 fluorescence microscope equipped with an Axiocam HRC digital camera.
Expression of αv and β3 integrins in DRG explants was assessed by both conventional and realtime PCR analysis of E14.5 DRG total RNA using primer pairs specific for rat αv integrin (Gen Bank S58528; forward: 5′-GGATGACAACCCTCTGACCCT-3′; reverse: 5′-CCTTCTCCTTGATTCTGCGC-3′, amplifying nt 48-98) and rat β3 integrin (Gen Bank S58529; forward: 5′-GCATCCCATTTGCTGGTGTT-3′; reverse: 5′-CACGGCAATATGGGTCTTGG-3′, amplifying nt 40-90), respectively.
RESULTS
Differential OPN expression following crush injury to the optic and sciatic nerve
Tissue sections from optic and sciatic nerves at various time points after crush injury were stained with mAb MPIIIB10 against rat OPN. In crushed optic nerves, OPN immunoreactivity first appeared at day 2, reached its maximum at day 4 (Fig. 1A) , and decreased at later time points. OPN immunoreactivity was always restricted to the primary crush site and had a dot-like morphology (Fig. 1C) . In the sciatic nerve, OPN was constitutively expressed in Schwann cells (32) and down-regulated below the level of detection beyond day 2 after injury at both the crush site and in the degenerating distal nerve stump (Fig. 1E) . At none of the time points was OPN induction in cells other than Schwann cells evident. The degree of macrophage activation was assessed by staining serial sections with mAb ED1 against phagocytic macrophages. In both optic (Fig. 1B, 1D ) and sciatic (Fig. 1F) nerves, the crush site was densely infiltrated by ED1 + macrophages, indicating a similar extent of cellular inflammation in both systems.
We determined the cellular localization of OPN using double-labeling immunofluorescence and confocal microscopy (Fig. 2) . The majority of OPN immunoreactivity colocalized with the ED1 antigen, identifying phagocytic macrophages as the most likely source of OPN in the crush lesions. One hundred and ten out of 200 ED1 + cells counted at high power in two different optic nerve specimens coexpressed OPN.
To corroborate our immunohistochemical findings at the level of gene transcription, we performed Q-PCR analysis of OPN mRNA levels (Fig. 3) . Crush lesions and degenerating distal nerve segments at day 4 after injury were isolated under a dissection microscope (Fig. 3A) . For each paradigm, tissue specimens from 20 animals were pooled and total RNA was isolated. In the subsequent PCR analysis, relative mRNA levels were obtained by normalization against corresponding samples from sham-operated control animals. In the crushed optic nerve, Q-PCR revealed strong induction of OPN mRNA at the lesion site, but not in the degenerating distal nerve stump. In contrast, in the crushed sciatic nerve, OPN mRNA induction was absent at both the crush site and the degenerating distal nerve segment. In an additional experiment, we studied the time course of OPN mRNA induction in optic nerve crush lesions in comparison with tissue obtained from naïve control animals (Fig. 3B) . In line with the immunohistochemical data, we found maximum OPN mRNA induction at day 4 after injury, with decreasing levels at later time points.
OPN is a nonpermissive substrate for axon outgrowth
Based on the expression data, we hypothesized that lesion-associated expression of OPN might contribute to the nonpermissive environment inhibiting axon regrowth in injured CNS fiber tracts. To test this possibility, we performed an in vitro growth assay using DRG from embryonic rats ( Fig. 4A-E) . Axon outgrowth was assessed by planimetric quantification of the area covered by neurofilament-positive axons (Fig. 4F) . On dishes coated with laminin as a typical growthpermissive substrate, extensive axon outgrowth was observed within 24 h after plating (Fig. 4A) . In contrast, axon outgrowth was strikingly reduced on OPN-coated dishes (Fig. 4B) . On dishes coated with both laminin and OPN (Fig. 4C) , axon outgrowth was slightly better than on OPN alone but still significantly reduced compared with laminin alone. Thus, OPN exerted a dominant inhibitory effect on axon outgrowth from DRG explants in culture. Under all conditions tested, the central part of the explant had a similar size at the end of the culture period. Axons exhibited homogenous radial spreading on laminin-coated dishes (Fig. 4A ) but frequent fasciculation on dishes coated with either OPN alone (Fig. 4B) or the combination of laminin and OPN (Fig. 4C) .
We additionally tested vitronectin as an alternative RGD-containing matrix protein sharing receptors such as the αvβ3 and αvβ5 integrins with OPN (21). On dishes coated with vitronectin alone (Fig. 4D) , axon outgrowth was as poor as on OPN-coated dishes. However, on dishes coated with the combination of vitronectin and laminin (Fig. 4E) , axon outgrowth was identical to dishes coated with laminin alone. Thus, unlike OPN, vitronectin did not overcome the growthpermissive properties of laminin.
To study the relationship between axons and Schwann cells under the various growth conditions, we performed fluorescent double labeling of DRG explants with antibodies against neurofilament and the S100 Schwann cell marker (Fig. 5) . On laminin-coated dishes, axons crossed the border of the Schwann cell corona and extended directly onto the laminin-coated plastic matrix (Fig. 5A) . In contrast, fasciculated axons rarely extended beyond the Schwann cell layer onto OPN-coated matrices (Fig. 5B) . Thus, extracellular OPN is likely to mediate direct inhibitory effects on axon growth.
To further elucidate axon inhibition by OPN, we studied the morphology of growth cones under the various culture conditions (Fig. 6 ). To visualize growth cones, DRG explants were labeled with anti-tubulin-FITC (green signal) and phalloidin-TRITC (red signal) to detect microtubuli and actin filaments, respectively (31) . Axons growing onto the laminin-coated surface (Fig. 6A,  6B ) displayed large growth cones at their tips. By contrast, only few axonal tips extended onto surfaces coated with OPN and laminin. All these axons displayed tips with collapsed growth cones (Fig. 6C, 6D ). These data suggest that the poor axon outgrowth on OPN-coated culture dishes may be due to an active inhibitory effect of matrix-associated OPN on growth cones. We further addressed the expression of αvβ3 integrin as an important OPN receptor (21) by using PCR analysis of total RNA from DRG explants (Fig. 7) , revealing strong expression of both αv and β3 integrin subunits.
DISCUSSION
OPN is a matricellular glycoprotein abundantly expressed by lesion-associated macrophages in a variety of injury models of heart, brain, and skin. Accumulating evidence suggests a critical role of OPN for tissue homeostasis and repair processes after injury (15) . In our present study, we show that lesion-associated macrophages expressed OPN in crush injury of the optic but not sciatic nerve, indicating fundamental differences in the molecular programming of macrophages between the central and peripheral nervous systems. These findings extend our previous observation that macrophages infiltrating in anterograde, Wallerian-type degeneration of sciatic nerves did also not express OPN (32) . Thus, with respect to OPN expression by lesion-associated macrophages, two distinct patterns are discernible: strong OPN induction in heart, skin, brain, and optic nerve injury, opposed to the absence of OPN induction as a unique finding in peripheral nerve injury.
Functionally, our in vitro data revealed inhibition of axon growth as an hitherto unknown effect of OPN. We used DRG explants from embryonic rats as a model to study axon outgrowth on different acellular substrates in vitro. On laminin as a typical growth-promoting substrate, we observed extensive radial outgrowth of axons that extended beyond the boundary of the underlying Schwann cells directly onto the laminin-coated surface of the culture dish. In contrast, on surfaces coated with either OPN alone or with a combination of OPN and laminin, axons exhibited greatly reduced radial outgrowth. The observation that those axons were growing as fascicles provides further evidence that OPN is a nonpermissive or even repulsive growth substrate that favors an axonal "pulling together" (33) . The few axons extending further onto the OPN-containing matrix displayed small tips of collapsed appearance in contrast to the large growth cones found on laminin-coated surfaces. Taken together, our data suggest an active inhibitory effect of matrix-associated OPN on axon growth.
In contrast to OPN, vitronectin as an alternative RGD-containing matrix ligand sharing the αvβ3/αvβ5 integrin receptors with OPN (21) did not overcome the growth-promoting properties of laminin. Thus, functional diversity of αv-integrin binding matrix ligands with respect to axon reactions is conceivable. Of note, in addition to αv integrins, OPN binds to several other integrin and nonintegrin receptors (34-36) whose roles in CNS and PNS injury remain to be studied. In a first step toward the identification of signaling pathways underlying axon inhibition by OPN, we showed that αv and β3 integrin subunits are strongly expressed in DRG explants prepared from embryonic rats. Further studies will be necessary to localize axonal receptors of OPN at the protein level and elucidate their functional role in the various in vitro and in vivo systems.
Apart from direct effects on axons, differential expression of OPN may have additional important consequences for injury responses in the nervous system. OPN exerts proinflammatory effects in the EAE model of immune-mediated CNS injury (24, 37) and provides a chemotactic stimulus for macrophages (18) . Thus, OPN production by macrophages may represent an autocrine signaling mechanism promoting macrophage recruitment and activation in nerve injury. However, with respect to the kinetics of recruitment and the immunophenotype of lesionassociated macrophages at the crush site, no major differences are evident between the optic and sciatic nerve model (12) . OPN, furthermore, exerts chemotactic activity toward astrocytes (16) , suggesting a role for glial scarring in CNS injury. Interestingly, despite similar inflammatory responses observed in CNS trauma and sciatic nerve crush injury, scar formation only occurs in CNS lesion models where it may represent a key impediment to axonal regeneration (38) (39) (40) .
In conclusion, our study suggests expression of OPN by lesion-associated macrophages as a novel mechanism that may contribute to the nonpermissive nature of the adult CNS for axon regeneration after injury. Thereby, our findings support the view that differential molecular programming of macrophages is a key factor determining injury responses in the CNS and PNS. A) Relative to sham-operated controls, strong OPN mRNA induction is present at the lesion site in optic but not sciatic nerve at day 4 after injury. In the distal stump undergoing Wallerian degeneration, OPN induction is low to absent in both optic and sciatic nerve. B) Time course analysis in optic nerve crush lesions reveals maximum OPN mRNA induction at day 4 after injury, with decreasing levels thereafter. Bars indicate mean ± SE of pooled RNA from n = 20 rats analyzed in duplicate. . DRG express integrin αv and β3 mRNA. DRG total RNA was reverse transcribed and amplified using ratspecific integrin αv and β3 primers. Real-time analysis reveals typical amplification curves for integrin αv (red line) and integrin β3 (blue) from DRG cDNA as well as nonspecific curves derived from water controls (green and purple lines). The inset demonstrates specific bands on agarose gel electrophoresis obtained from DRG cDNA whereas no signal was detected in controls without DRG cDNA.
